Yeast cationic ferricytochrome c was able to bind to the spinach (Spinacia oleracea) chloroplast envelope with a low affinity (Kd = 1.1 JFM). The total amount of low affinity binding sites was of the order of 50 nmol cytochrome c mg-I protein. We gave the evidence that binding of ferricytochrome c to the envelope was electrostatic and that the envelope membranes were strongly negatively charged. Addition of yeast ferricytochrome c to a preparation of intact washed chloroplasts (class I) induced a strong agglutination of chloroplasts. column. Cyt c was then purified according to the procedure of Sels et al. (23). The Cyt c migrated as a single band in dodecyl sulfate-polyacrylamide gel electrophoresis (14). An aliquot of purified reduced Cyt c had a 550/280 absorbance ratio of 1.23. The Cyt c (which was oxidized at 80%) was stored frozen in 10 mM Tricine-NaOH buffer (pH 7).
column. Cyt c was then purified according to the procedure of Sels et al. (23) . The Cyt c migrated as a single band in dodecyl sulfate-polyacrylamide gel electrophoresis (14) . An aliquot of purified reduced Cyt c had a 550/280 absorbance ratio of 1.23. The Cyt c (which was oxidized at 80%) was stored frozen in 10 mM Tricine-NaOH buffer (pH 7).
Binding Assays. The incubation medium used for binding assays contained 0.3 M sorbitol and 1 mm Tricine-NaOH buffer (pH 7.2) (standard medium). Binding assays with the labeled protein 59Fe-Cyt c were carried out in a series of tubes containing the standard medium and increasing concentrations of the labeled protein. The incubation was started by addition of intact chloroplasts or membranes (envelopes or thylakoids) (total volume 4.5 ml). After an incubation period for 5 min at 0 C, the Very recently, Billecocq (2) has shown that the anionic polar head (sulfoquinovosyl pole) of the sulfolipid in the envelope is accessible to the specific antibody and directed toward the outside. Recent studies (1, 28) have led to the proposal that the isoelectric point of class I chloroplasts determined by crosspartition is acidic. Hence, at physiological pH, the surface of the envelope is probably negatively charged. Polycationic Cyt c (5) was used as a probe to determine the importance and the exact nature of the charges on the surface of the envelope membranes.
MATERIALS AND METHODS
Chloroplast Preparation. Intact spinach (Spinacia oleracea) chloroplasts capable of high rate of CO2 fixation were prepared from expanding spinach leaves (approximately 8 weeks old) according to the method of Heber (10) . The percentage of intact chloroplasts in a preparation was determined by phase microscopy (16) and by its ability to evolve 02 in the presence of ferricyanide before and after an osmotic shock (16) . Envelope membranes and thylakoids were isolated according to previous methods (6, 13, 15) (24) 10-8cm (13, 25) . No plastoglobuli are trapped in the network of the envelope membranes, no stroma lamellae are observed, and the Chl content is less than 0.1 ,ug/mg total membrane proteins. In good agreement with Sprey and Laetsch (25), we have observed in all cases that the envelope preparation obtained from unpurified chloroplasts is more or less contaminated by other chloroplast or cell constituents. The use of purified intact chloroplasts minimized the dangers of cross-contamination (6, 13, 19) . Finally, the envelope vesicles are unstable. They fragment into smaller vesicles with time.
Yeast Fe-Cyt c is able to bind to the chloroplast envelopes with a low affinity (Kd = 1.1 ,uM) ( Figs. 1 and 2 ). The total amount of low affinity binding sites is of the order of 50 nmol Cyt c mg-' protein (0.6 mg Cyt c mg-' protein). This value is much higher than that found for the anionic inner mitochondrial membrane (20) . For example, Vanderkooi et al. (26) have identified 3 nmol Cyt c-binding sites/mg of protein in Cyt cdepleted pigeon heart mitochondria. The value for the envelope is also much higher than that found for thylakoids (10 nmol Cyt c mg-' protein). The binding of Cyt c to the chloroplast envelope membranes is readily reversed by 50 to 100 mM Mg+2 (Table I) . These results indicate that binding of Fe-Cyt c to the envelope is electrostatic and that the envelope membranes are strongly neg-NEUBURGER, JOYARD, AND DOUCE atively charged. However, it has to be stressed that tU layers used during the course of the envelope prepara tained 4 mm MgCl2 (13) (Fig. 3) . Under these conditions of equilibrium density centrifugation, the buoyant density of the purified chloroplast envelope fraction (1.12 g/ cm3) differs markedly from envelope loaded with Cyt c (1.14 g/ cm3). It has to be pointed out that the buoyant density we have found for the purified envelope fraction is identical to the buoyant density of the double vesicles described by Poincelot and Day (22) .
These results give no information about the precise location of the negative charges on the chloroplast envelope. However, we give the direct evidence that at least the outer face of the outer envelope membrane is highly negatively charged. Thus, if one examines under light microscopy the washed intact chloroplasts, V4. (5), and most of the hydrophylic lysines which carry positive charges are distributed on the major axis of the molecule (5) . Inevitably, in these conditions, once bound to a chloroplast, the Cyt c still carries free positive charges which, in turn, are able to interact with other chloroplasts. This explains the strong and fast agglutination observed. Preliminary studies conducted with polycationic ferritin (N,N-dimethyl-1,3-propane-diamine conjugate of ferritin [4, 9] ) led to the same conclusion.
Chloroplast envelopes consist of two osmiophilic membranes. It is evident that fixed anionic surface charges may play an important role: first in the recognition or interaction between the two envelope membranes; second in the transport of anion (7, 11, 27) and protein (12) such as small subunit of D-ribulose-1,5-bisphosphate carboxylase (3, 21) , and third, in the interactions between the chloroplasts and the other cell organelles (8) .
